The use of the electrostatically repulsive force from the capacitive coupling with electret polymer film is demonstrated experimentally. The repulsive forces can be utilized in controlling contact mechanics and friction in microstructures, and serve as an alternative MEMS actuation mechanism to overcome the limitations by the attractive forces. Simple parallel cantilever beams patterns are used to illustrate the magnitude of the repulsive forces and the associated static charge density from the electret polymer films coupling.
INTRODUCTION
Controllable electrostatic repulsive forces for microstructure surfaces will be very useful in mechanical microstructure operations, such as reduction in friction and wear, actuation from near range, and stiction resolution. Electrostatic repulsion has been observed in lateral comb drives as the cause of levitation, where charges of the same polarity are generated on the movable fingers through the capacitive coupling with the substrate as a result of asymmetric electric field distribution [1] . It is also postulated as the mechanism for micro-hinge assembly using ultrasonic triboelectricity [2] . However, to achieve more controllable and efficient actuation by electrostatic repulsive forces, improved manipulation of static charges of the same polarity is necessary.
We had proposed the use of tunneling-injected electrostatic charges in the isolated polysilicon film to realize effective electrostatic actuation through repulsive forces [3] , which was implemented in the integrated structure of EEPROM (electrically erasable programmable read-only memory) and MEMS (microelectromechanical systems). However, the injected carriers in an EEPROM structure can only achieve low static charge density under manufacturable device geometry, and has very stringent requirement on fabrication and structural design. Here we propose use of capacitive coupling of static charges in the electret film to generate usable electrostatic repulsive forces. The charge density (coul/cm 2 ) in the electret film can be much higher and the charge retention time more than 100 years [4] . These static charges generate permanent electric fields that serve in an analogously manner as the static magnetic fields from a permanent magnet in electro-magnetic applications. We will experimentally demonstrate a simple MEMS device structure where the repulsive force can be directly monitored and used for actuation. Our electret approach significantly simplifies the device design and fabrication in comparison to the previous EEPROM integration approach [3] .
EXPERIMENTS
A sample of the repulsive-force test devices using the electret polymer film are shown in Fig. 1 . Device fabrication is performed at Cornell Nanoscale Facilities (CNF) with a process similar to the commercial MUMPs technology. Two polysilicon beams of various spacing (2~7µm) are placed sideby-side over another layer of polysilicon. The spacing between the two polysilicon layers is 1.2 µm. After releasing the sacrificial oxide, the cantilever beams in our process are not exactly aligned at the exact vertical locations due to small residual stress gradients, which will result in a weaker than ideal repulsive forces. However, when a high voltage is applied to both beams, the levitation force can still be sufficiently large to increase the distance between the two polysilicon beams observable under the microscope. Similar magnitude of repulsive forces can also be induced by charge injection into the electret polymer film, which is capacitively coupled to the polysilicon pads through the anchor structure as shown in Fig. 2 . By the change in the cantilever beam position, we can estimate the magnitude of the repulsive forces in both cases, and deduce the charge density in the electret polymer film.
The levitation force is first performed to the test pattern. Here, we use -100V of applied bias. The probes are in direct September 12-16, 2005, Washington, D. C., USA contact with both sides of anchors which are not covered by the electret polymer films. Figure 3 shows a representative photograph of two cantilever beams repelling each other by levitation. The point load force F at the tip of the beam from deflection can be estimated as [5] :
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where y is the deflection magnitude, x is the distance away from the anchor, L is the length of the beam, E is the Young's modulus, and I is the moment of inertia of the beam, which is w 3 t/12 for lateral deflection. Here w and t are the width and thickness of the cantilever beam, respectively.
The beam length, width, and thickness for the device in Fig. 3 are 200µm, 3µm , and 1.5µm, respectively. The initial separation between the two beams is 4µm. From Eq. (1) with Young's modulus of 160 GPa for polysilicon and the observed displacement of 20µm, the levitation force at the end of travel is about 3.2µN. Notice that the repulsive force at the beginning of travel will be significantly larger. The beams will return to their initial position if the applied bias is removed.
For demonstration of repulsive force actuation from the electret film, the photo poling charging method is applied to the electret film [6] . The poling condition is -100V of poling bias, UV light of 8W, 302nm wavelengths, and the location of poling probes approximately at 1µm above the electret poling films. Figure 4 shows a sample photograph of such a repulsive force measurement. The poling probes are not in direct contact with the Teflon film to minimize the DC current flowing through the beam structure which may cause heating that may complicate our analysis. Two cantilever beams repelled each other immediately after poling, and remain repelled after removing the poling setup. The parameters are same as the structure in Fig. 3 except that now the beam separation is 7µm. From the displacement of additional 7µm in this actuation and Eq. (3), the electrostatic force is about 1.4µN.
We can estimate the charge density on the cantilever beam from this Coulombic repulsive force to be 1.94×10 -8 coul/cm 2 , which is significant larger than the tunneling injection charge density in the EEPROM/MEMS integration structures of 6.7×10 -9 coul/cm 2 [3] .
APPLICATIONS
Electrostatic repulsive-force actuation can potentially change many MEMS device designs such as digital mirror devices (DMD) and microwave switches [5] . Because repulsive actuation happens at the short end of the travel range, the use of repulsive forces can significantly reduce the actuation voltage and increase the usable travel range. The repulsive force can also be used to eliminate friction and achieve wear-free bearing, hinges, and micro-turbines. However, due to the large parasitic capacitance in our present MEMS devices and the required amount of charges for effective actuation, more design and technology optimization is necessary for practical applications. 
